Abstract. Polyamines are nitrogenous compounds that alter the odour sensitivity of insects. The objective of this study was to determine the effects of polyamines on the expression levels of olfactory-related genes in male/female adult diamondback moths, Plutella xylostella. Results indicate that treatment with polyamines or α-difluoromethyl-ornithine (DFMO), a polyamine synthesis inhibitor, significantly affected the expression of various olfactory related genes. Although DFMO had no significant effect on the expression of PxylPBP1, it did significantly decrease the expression of other olfactory related genes (PxylGOBP1, PxylGOBP2 and PxylCSP1) in a gender-related fashion that correlated with the mating status of the adults. Polyamines [spermine (spm), putrescine (put) and spermidine (spd)] decreased the expression of PxylGOBP2 in naive male moths, but increased the expression of the same gene in virgin female moths. In addition, put treatment significantly increased the expression of PxylGOBP1 in virgin females and unmated male moths, but significantly decreased its expression in mated female and male moths. Based on these results we conclude that polyamines have a regulatory role in the expression of olfactory related genes and that these effects depend on the gene, gender and mating status of diamondback moths. These results indicate that polyamines affect the expression of the genes in insects that determine their olfactory ability.
IntroductIon
The polyamines spermidine (spd) and spermine (spm), as well as their precursor amine putrescine (put) are low molecular weight nitrogenous compounds naturally produced by living cells (Morgan & Wallace, 1994) . The precise function of these polyamines is currently unknown however, their ubiquity, high cellular concentration and accumulation in rapidly growing tissues indicate an involvement in a broad range of biological processes (Smith, 1985; Evans & Malmberg, 1989) . Polyamines not only enhance transcription, processing and incorporation of RNA in ribosomes (Blair, 1985) , but also bind to DNA and regulate gene expression (Feuerstein et al., 1991; Childs et al., 2003) . Moreover, polyamines are involved in many cellular processes, including chromatin condensation, maintenance of DNA structure, translation, protein activation, affect the formation of compacted chromatin and have a well-established role in DNA aggregation.
Polyamines are also involved in insect growth and metamorphosis, gestation, vitellogenin synthesis and hormone metabolism (Birnbaum et al., 1988; Birnbaum & Gilbert, 1990; Callerts et al., 1992; Cayre et al., 1993; Kogan & Hagedorn, 2000) . Insects recognize a wide range of hydrophobic semiochemical signals, such as odours and tastes, which enable them to detect each other, locate suitable food, identify their hosts and control their behaviour. These chemicals are bound by soluble odorant-binding proteins (OBPs) and transported through the sensillar lymph to the olfactory receptors, where signal transduction is initiated (Vogt et al., 1999) . With respect to their physiological function, it is now recognized that OBPs solubilize ligands, help transport hydrophobic semiomolecules through the aqueous environment of the sensillar lymph towards the dendritic membrane of olfactory sensory neurons, where the olfactory receptor proteins are located and contribute to the sensitivity of the insect olfactory system, thus initiating the first biochemical step in odour perception (Leal, 2013) . Interestingly, polyamines modulate the phosphorylation of several antennary proteins of Periplaneta Americana (Tirard et al., 2002) . On the other hand, newly emerged males treated with the polyamine synthesis inhibitor α-difluoromethyl-ornithine (DFMO) have an enhanced antennal sensitivity to female pheromones and treatment with polyamines modulates the phosphorylation of several antennary proteins (Tirard et al., 2002) . Furthermore, polyamine-depleted female house crickets (Acheta domesticus) delay egg-laying (Cayre et al., 1996) . Moreover, an earlier study indicates that diamondback moths (Plutella xylostella L.) are attracted to polyamines and that their antennae have strong electrophysiological responses to polyamine compounds (Zhang et al., 2009c) . We also found that treatment with polyamines and α-difluoromethyl-ornithine (DFMO) significantly affects the sensitivity of the moth's antennae A number of pairs newly emerged male and female moths were allowed to mate in glass tubes. Antennae were excised from male and female moths, immediately transferred to Eppendorf tubes, immersed in liquid nitrogen and stored at −75°C until further use.
Polyamines and dFMo treatments
Put, spd, and spm (Sigma Aldrich, MO, uSA) were dissolved in 75% acetone to make a 1% solution; DFMO (Sigma Aldrich) was dissolved in 75% acetone to a final concentration of 5 mg ml -1 . Pupae were collected 12-20 h after pupation and 2 μl of polyamines or DFMO applied to the cuticle of the thoracic dorsum of each pupa using a microapplicator. Controls were treated with 2 μl of 75% acetone. Pupae were collected individually in glass tubes and kept in the same conditions as described above.
rnA extraction and cdnA synthesis
Total RNA was extracted from 200 antennae of sexually mature P. xylostella males and females using TRIpure LS Reagent (BioTeke, Beijing, China). Single-stranded cDNA was synthesized from 1 μg of RNA with the MBI RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas, Glen Burnie, MD, uSA) according to the manufacturer's instructions.
real-time Pcr
To determine the mating-related expression profile of adult moths, the antennae of virgin and mated individuals were collected. Virgin male and female moths were sampled at 0, 4, 8 and 16 h after emergence. For mated moths, pairs of newly emerged male and female moths were placed in glass tubes and allowed to mate. After 16 h, mated moths antennae were collected for bioassay. Total RNA from 100 moths was extracted for each time after emergence and group, and cDNA was synthesized according to odours. As such, polyamines may stimulate olfactory reception in insects. However, there are only a few other reports of polyamine-dependent regulation of odour detection. The aim of this study was to determine the effects of polyamines on the gender-and mating-related expression of olfactory related genes and any subsequent changes that occur in the behaviour of diamondback moths.
MAterIAL And Methods

Insect rearing and tissue collection
Diamondback moths were reared indoors (16L : 8D cycle; 25 ± 1°C; 60-70% r.h.) and fed a diet of Chinese cabbage, Brassica oleracea var. capitata L. (Brassicaceae), until pupation. Sexed pupae were kept inside glass tubes in an environmental chamber (16L : 8L cycle; 25 ± 1°C; 60-80% r.h.) until the moths emerged. Tables 3-5. to the methods described above. Primer pairs used for RT-PCR quantification (Zhang et al., 2009a, b, d ) (listed in Table 1 ) were expected to amplify the products of 209 bp (PxylGOBP1), 219 bp (PxylGOBP2), 227 bp (PxylPBP1), 227 bp (PxylCSP1) and 252 bp (PxylActin). Real-time PCR was performed using an ABI Prism 7000 Sequence Detection System (Applied Biosystems) via SYBR green dye bound to double stranded DNA (QuantiTect SBGR Green PCR kit; Qiagen, Beijing, China) (15 min at 95°C, followed by 40 cycles of 15 s at 94°C, 30 s at 56°C, and 30 s at 72°C). PCR reactions were performed in triplicate and data processed using the relative absolute quantification method. The given sample was diluted to C0 (1, 4, 16, 64 and 256) and the Ct values of PxylPBP1 and PxylActin genes were measured. Subsequently, the standard curves were analyzed by Ct and logC0 (the slope K and intercept B) with a relative value of 10
statistical analysis
Results are reported as means ± standard errors (SEM). Analysis of variance (ANOVA) was conducted on Ct data. Differences in the pairs of mean values between treatments were separated using Duncan's multiple comparisons test. Data analyses were carried out using SPSS 11.0 (SPSS, 2001).
resuLts
PxylGOBP1 levels
PxylGOBP1 is expressed during the entire adult stage of diamondback moths (Fig. 1, Table 2 ). The transcription levels of PxylGOBP1 decreased sharply in males following eclosion and increased sharply in female moths. Mated individuals showed much higher levels of PxylGOBP1 expression 16 h post emergence than unmated individuals. Interestingly, PxylGOBP1 levels were highest in the antennae of 8 h-old female moths. Furthermore, transcription levels of PxylGOBP1 in unmated moths increased significantly following treatment with put. In contrast, PxylGOBP1 levels decreased sharply in mated moths. Levels of PxylGOBP1 also decreased in male moths (except 4 h-old) following spd treatment but increased (except 16 h-old) in female moths. However, transcription levels of PxylGOBP1 decreased in both male and female moths following treatment with both spm and DFMO, with DFMO having the greater effect (Fig. 1, Table 2 ).
PxylGOBP2 levels
PxylGOBP2 was expressed throughout the entire adult period of the diamondback moth (Fig. 2, Table 3 ). Like PxylGOBP1, the levels of PxylGOBP2 also decreased sharply in males following eclosion but then began to increase over time. The level also increased sharply following eclosion in females (except 16 h-old). Mated moths had much higher levels of PxylGOBP2 expression 16 h post emergence than unmated moths. Treatment with put and spd both decreased the levels of PxylGOBP2 in unmated moths (except for 0 h-old and 4 h-old female moths), but put had a greater effect. Furthermore, the transcription levels of PxylGOBP2 in male moths also decreased after treatment with spm. DMFO decreased the levels of Pxyl-GOBP2 in both male and female moths (except 16 h-old female moths) (Fig. 2, Table 3 ).
PxylPBP1 levels
PxylPBP1 was also expressed throughout the entire adult period of the diamondback moth (Fig. 3, Table 4 ). The transcription levels of PxylPBP1 decreased sharply after eclosion in male moths, but then increased for 16 h. In contrast, PxylPBP1 increased following eclosion and then decreased as they aged. Mated individuals showed much higher levels of PxylPBP1 expression 16 h post emergence than unmated individuals; it increased at a higher rate in females than males. However, we did not find an effect of put on the transcription levels of PxylPBP1 in unmated moths (except for 0 h-old male moths, in which it decreased significantly). On the other hand, put treatment resulted in large increases in PxylPBP1 in mated male moths and significant decreases in mated females. Spd caused the transcription levels of PxylPBP1 to decrease in both male and female moths (except for 16 h-old female). Moreover, spm decreased PxylPBP1 levels in both male and female mated moths, but caused sharp increases in the expression of this gene in unmated males (except 0 h-old) and 0 h-old and 16 h-old female moths. However, spm resulted in decreased levels of PxylPBP1 in 4 h-old and 8 h-old female moths. Once again, DMFO decreased the transcription levels of PxylPBP1 in both unmated and mated male and female moths (except for 4 h-old and 16 h-old female moths) (Fig. 3, Table 4 ).
PxylCSP1 levels
PxylCSP1 is also expressed throughout the entire adult period of the diamondback moth (Fig. 4, Table 5 ). The transcription levels of PxylCSP1 decreased sharply after eclosion in male moths, but increased sharply in females. Mated individuals showed much higher levels of Pxyl-CSP1 16h post-emergence than unmated individuals. The transcription levels of PxylCSP1 were the highest in the antennae of 8 h-old females. The transcription levels of PxylCSP1 decreased in mated males, mated females and unmated females (except 16 h-old) following put treatment and increased sharply in unmated male moths (except 4 hold). Spd decreased the transcription levels of PxylCSP1 in all moths (except 4 h-old male and 16 h-old mated female). Finally, transcription levels of PxylCSP1 decreased sharply to very low levels in both male and female moths following treatment with spm and DFMO (Fig. 4, Table 5 ).
dIscussIon
The mechanism by which polyamines and DFMO affect insect olfactory sensitivity is unclear. A possible explanation could involve the influence of polyamines on ion channels. Indeed, endogenous polyamines, in particular, spermine, block or modulate several types of ion channel (Lopatin et al., 1995; Lee et al., 1999; Lu & Ding, 1999) . Within the olfactory system, polyamines induce strong Table 5 . Relative quantification (mean ± SE) of PxylCSP1 amplified in Plutella xylostella moths after treatment with polyamines and DFMO. Table 2 .
inward rectification in the cyclic nucleotide-gated (CNG) channel (Lynch, 1999) . However, to the best of our knowledge, all this data was obtained based on studies of mammals and nothing is known about the effects of polyamines on insect CNG channels. Our results indicate the mechanism may involve the expression of olfactory related genes.
This study demonstrates that both polyamines and DFMO significantly affected the expression of olfactory related genes in the diamondback moth, Plutella xylostella. Other studies indicate that odorant binding proteins solubilize and carry olfactory signal molecules (Vogt et al., 1991; Du & Prestwich, 1995; Feixas et al., 1995; Maida et al., 2000) . In recent years, many studies have confirmed the binding ability to olfactory signal molecules of a number of insects' odorant binding proteins including pheromone binding proteins (Li et al., 2008; Gong et al., 2009; Qiao et al., 2009; Yu et al., 2009; Zhou et al., 2009; Gu et al., 2011; Sun et al., 2013) . Similarly, Tirard et al. (2002) found that treatment with DFMO enhanced the sensitivity of the male Periplaneta americana antenna to female pheromones, as well as altering the polyamine-modulated phosphorylation of several antennary proteins. Our previous work indicates that polyamines and DFMO significantly affect the sensitivity of diamondback moth antennae (Zhang et al., 2008) and diamondback moth behaviour (Zhang et al., 2009c) . Taken together, these findings strongly indicate that polyamines play a regulatory role in olfactory detection in insects, which most likely involves changes in the gene expressions of odorant binding proteins.
In this paper, RT-PCR data confirm that the effect of polyamines and DFMO on the expression of olfactory related genes depends on the gene. For example, DFMO had little effect on the expression of PxylPBP1, but significantly decreased the expression of other olfactory related genes. It is well known that different olfactory related genes bind different odours. Previously, the affinity of 12 compounds for three aphid OBPs were measured in competitive binding experiments. Similar behaviour of all three proteins was observed, but (E)-β-farnesene (the alarm pheromone) and farnesol both exhibited a clear selectivity for OBP3 (Qiao et al., 2009 ). In the silkworm, Bombyx mori (L.) (Lepidoptera: Bombycidae), PBP1, PBP2, GOBP2, and ABPx all bind to the sex pheromone component (10E, 12Z)-hexadecadien-1-ol (bombykol). BmorPBP1, Bmor-PBP2 and BmorABPx also bind the pheromone component (10E,12Z)-hexadecadienal (bombykal) equally well, whereas BmorGOBP2 can discriminate between bombykol and bombykal ). In addition, in Chilo suppressalis, GOBP2 has a significant affinity for cis-11-hexadecenal (Z11-16: Ald) (the main component of the sex pheromone) and laurinaldehyde and benzaldehyde, two general plant volatiles (Gong et al., 2009 ). In addition, some studies indicate that different PBPs have different affinities for pheromone components Guo et al., 2012; Zhang et al., 2012; Sun et al., 2013) .In a previous study, we showed that polyamines and DFMO affect the sensitivity of diamondback moth antennae depending on the olfactory stimulus they receive (Zhang et al., 2008 (Zhang et al., , 2009c . Polyamines and DFMO are both likely to affect the expression of olfactory related genes that regulate the sensitivity of diamondback moths to odours.
The current study indicates that the effect of polyamine treatment on the expression of olfactory related genes relies on the sex of the moth. For example, put and spd decrease the expression of PxylGOBP2 in 0-h male moths, but significantly increased the expression of the same gene in 0-h female moths. Furthermore, the effect of treatment on the expression of olfactory related genes also depends on the mating status of the moth. Similarly, our previous study also found that the effect of polyamines and DFMO on antennal sensitivity to general odours also depends on the sex and mating status of the moth (Zhang et al., 2008) . Furthermore, untreated mated and unmated females both exhibited strong EAG responses to general odours, but treated mated and unmated females showed different EAG responses to the same odours (Zhang et al., 2008) . Studies have shown that mating status affects the behavioural responses of female moths to host plant volatiles. For example, Rojas (1999) showed that mated females of Mamestra brassicae (Lepidoptera: Noctuidae) flew upwind to allylisothiocyanate and landed on the odour target, whereas virgin females did not. Similar phenomena are recorded for adult female M. sexta (Mechaber et al., 2002) . Taken together, these results suggest that mating-status can affect the polyamine content of an insect, which affect the expression of olfactory-related genes and subsequently alter EAG responses and the behaviour of diamondback moths.
In insects, five kinds of protein determine their sensitivity to chemical information. These are the odorant-binding proteins (OBPs), the chemosensory proteins (CSPs), olfactory receptors (ORs, which contain nerve membrane protein), odour-degrading enzymes (ODEs) and sensory neuron membrane proteins (SNMPs) (Hu et al., 2013 ). In the current study only polyamines and DFMO had a significant effect on the expression of some olfactory related genes (GOBP1, GOBP2, PBP1 and CSP1) in the diamondback moth, Plutella xylostella. To determine whether polyamines and DFMO regulate insect olfactory detection by affecting the expression of olfactory related genes, more genes need to be studied. 
